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Abstract: Laser direct writing is a well-established abla-
tion technology for high-resolution patterning of surfaces, 
and since the development of additive manufacturing, 
laser processes have also appeared very attractive for the 
digital fabrication of three-dimensional (3D) objects at the 
macro-scale, from few millimeters to meters. On the other 
hand, laser-induced forward transfer (LIFT) has demon-
strated its ability to print a wide range of materials and to 
build functional micro-devices. For many years, the mini-
mum size of laser-printed pixels was few tens of microme-
ters and is usually organized in two dimensions. Recently, 
new approaches have been investigated, and the potential 
of LIFT technology for printing 2D and 3D sub-micrometer 
structures has become real. After a brief description of the 
LIFT process, this review presents the pros and cons of the 
different digital laser printing technologies in the aim of 
the additive nanomanufacturing application. The transfer 
of micro- and nano-dots in the liquid phase from a solid 
donor film appears to be the most promising approach 
to reach the goal of 3D nanofabrication, and the latest 
achievements obtained with this method are presented 
and discussed.
Keywords: micro- and nanofabrication; high-resolution 
patterning; laser-induced forward transfer. 
1   Introduction
Nature continuously produces and benefits from the 
unique properties exhibited by nanostructured materials. 
In recent years, there is an increasing number of studies 
focused on the development of strategies to mimic these 
natural properties [1–3] by producing nanomaterials and 
nanostructures to access new attractive properties and 
functionalities in various domains (optical [4, 5], thermal 
[6], mechanical [7, 8], etc.). This has led to the emergence 
of new fields of research like nanophotonics [9, 10], 
nanochemistry [11, 12] and nanomedicine [13], among 
others. Nanostructures, like arrays of pillars or dots, have 
been extensively used in the field of energy to enhance 
the absorption of light, thanks to the localized surface 
plasmon resonance effect [14]. For instance, gold nanopil-
lars have been used to enhance the photocatalytic activity 
of iron oxide in the water splitting approach to produce 
hydrogen fuel from solar energy [15]. Figure 1 provides a 
set of nanostructures that have been designed and real-
ized for nanophotonics applications. For instance, Yagi-
Uda antenna, aiming at highly directional radiation of 
greater power, can be formed by nanoparticles of different 
diameters precisely aligned with accurate separation dis-
tances (Figure 1A) [16, 19]. Arrays of nanoantennas based 
on V-shaped plasmonic nanoparticles carefully organ-
ized on surfaces, in a fashion similar to that presented in 
Figure 1B, provide a powerful way to control the reflection 
and refraction of light, including negative refraction. This 
allows the development of applications such as spatial 
phase modulation, beam shaping, and plasmonic lenses 
[20]. Figure 1C and D presents other two-dimensional (2D) 
designs of antennas based on the association of different 
shapes and different materials. Complex 3D nanostruc-
tures are also of interest for nanophotonics applications, 
and Figure 1E and F presents arrays of left- and right-
handed metallic nanospiral that have been realized to 
study and exploit chiroptical material responses [18]. 
These few examples illustrate the challenges that have to 
be faced to develop an ultra-high-resolution deposition 
technique to print such different materials with various 
shapes and sizes and a high positioning accuracy. This 
paper will discuss how the laser printing technology 
can contribute to the development of these fabrication 
technologies.
Accurately mimicking natural nanostructures is a dif-
ficult challenge requiring interdisciplinary approaches 
to address the problems of morphology, the physical 
and chemical properties of the materials, and biological 
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interactions with the environment. The first step to carry 
out these studies is to have available, or to develop, tech-
nologies of micro- and nanofabrication, either subtractive 
or additive.
Among the nanomanufacturing technologies photo-
lithography is probably the most widely used to pattern 
surfaces at the nanoscale (down to 10  nm), but it is a 
costly, time-consuming, and low-throughput process. In 
the same category of mask-based technology, nanoimprint 
lithography [21, 22], microcontact printing [23], and trans-
fer printing [24, 25] appear to be high-resolution and low-
cost techniques to realize nanostructures from predefined 
molds or stamps. Lasers are also powerful tools to develop 
non-contact surface patterning technologies [26]. Among 
them, one can cite microsphere-assisted methods in which 
a single laser shot irradiates a large-area sample through 
a monolayer of microspheres to induce a local ablation 
of the substrate underneath each sphere, thanks to the 
near-field exaltation of the laser field. Then, this parallel 
nano-ablation process allows the formation of arrays of 
nano-holes [27] and of nano-dots [28], with sizes as small 
as 100 nm. For a similar prospect, direct laser interference 
patterning [29] is also a very efficient tool for structuring 
surfaces at the sub-micrometer scale with a predefined 
pattern and with high throughput [30]. In addition to its 
high process speed, the periodicity of the nanostructures 
can be optically tuned by changing the interference design 
and their aspect ratio is controlled by the number of laser 
shots. Without structuring the intensity distribution, laser 
irradiation under appropriate conditions can also induce 
the spontaneous formation of self-organized structures, as 
spikes or ripples, which are the two most studied shapes 
obtained, thanks to this approach. Both types of structures 
strongly modify the surface properties [31]. Spikes [32, 33], 
with typical diameter of 1 μm, enhance visible-light absorp-
tion of silicon and potentially the efficiency of solar cells 
[34] and the sensitivity of photodetectors [35]. They also 
provide a super hydrophobicity character [1, 31] to the sur-
faces to address applications such anti-icing or anti-bac-
teriological properties. Ripples are composed of parallel 
engraved lines at the substrate surface whose orientation 
is controlled with laser polarization and the period by the 
laser wavelength. Such structures have been used, for 
instance, to control the motion of fluids onto surfaces [36] 
and as optical diffraction grating in the visible domain of 
the spectrum [37]. Laser dewetting is another very easy to 
implement technique to produce nano-patterned surfaces. 
It consists of the irradiation by a nanosecond laser pulse, 
with a uniform beam energy profile, of a thin metal film 
deposited on a substrate. The laser irradiation induces a 
very fast heating of the film and, depending on the surface 
energies of the melted film and the substrate, its dewetting 
forms a network of metal nanodroplets [38].
Direct femtosecond laser writing has also been used to 
locally transform a silver oxide film in silver nanoparticles 
with diameter of few tens of nanometers [39]. These laser-
fabricated plasmonic structures have demonstrated their 
potential in the field of nanochemistry by improving the 
efficiency of hydrogen generation when formed on the 
photoelectrodes of a water splitting system [40] and to 
fabricate active substrates for surface-enhanced Raman 
scattering measurement [41]. Backside irradiation, with 
a tightly focused ultrashort pulse, of a thin film coated 
on a transparent substrate leads to the formation of a 
nanobump [42–45] or an array of nanobumps when mul-
tispots are used [46]. This method has been used to form 
Figure 1: Examples of 2D and 3D nanostructures designed for nanophotonics applications.
Designs of nanoantennas based on nanoparticles (A) and V-shaped (B) structures. Optical antenna coupled to a microbolometer (C). Design 
of a hybrid Au-Si Yagi-Uda nanoantenna (D). Left- (E) and right- (F) handed arrays of silver nanospirals. (A–C) Reprinted with permission from 
Ref. [16]. (D) Reprinted with permission from Ref. [17]. (E) and (F) Reprinted with permission from Ref. [18].
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plasmonic structures, allowing 3D control of light propa-
gation [44, 46].
Digital manufacturing is also extremely attractive for its 
ability to be fully computer controlled and easy to integrate 
in any fabrication process. Inkjet printing [47] has been 
extensively developed, especially for electronic applica-
tions [48], and it is a very powerful technique for high-speed 
printing of micrometer-sized liquid droplets. However, it 
has some limitations in (i) the type and viscosity of liquids 
that can be transferred, (ii) the minimum size of the printed 
structures hardly smaller than few tens of micrometers and 
(iii) the aspect ratio that can be achieved for the printed 
structures. Recently, an electrohydrodynamic printing 
technology, named NanoDrip printing, has been introduced 
[49]. It allows printing 3D structures with size down to 50 nm 
and a very good resolution, as well as free-standing nanow-
ires [50]. Direct laser writing also offers the possibility to 
develop some digital printing technologies. Multiphoton 
polymerization is a very promising 3D micro/nanomanufac-
turing technique [51]. It relies on the simultaneous absorp-
tion of two or more infrared photons to locally initiate the 
polymerization mechanisms and has been used to fabricate 
objects with sub-100  nm resolution [52]. This technology 
offers great opportunities for the fabrication of micro/nano-
photonics devices [53] and biomedical scaffolds for tissue 
engineering [54, 55]. Laser writing has also been combined 
with chemistry to trigger the photoreduction process for the 
realization of 3D metallic structures [56].
Laser printing is a generic term to describe processes 
in which a laser pulse irradiation induces the transfer of 
a small amount of matter from a donor film to a receiver 
substrate at a very precise location. The most popular 
approach based on this concept is the laser-induced 
forward transfer (LIFT) technique, described in Figure 3, 
and it has been first demonstrated by Bohandy et al. [58]. 
Some LIFT-based techniques have also been developed for 
specific applications, like Decal transfer for the printing of 
high-viscosity pastes [59]; blister actuated LIFT when using 
an intermediate polyimide film [60]; film-free LIFT, where 
the thin donor film is replaced by a liquid reservoir [61]; or 
the double-pulse LIFT [62]. These various approaches have 
been successfully implemented to print 2D structures of 
a large set of materials, organic and inorganic, in solid or 
liquid phase, and to fabricate functional devices [63–67]. 
LIFT has also demonstrated its ability to operate at high 
printing velocity [68, 69]. We should also mention the great 
potential of LIFT for printing biomaterials [70–72]. Indeed, 
the ability of this technique to precisely deposit droplets of 
liquid with different viscosities makes it particularly suit-
able for tissue engineering applications [73, 74].
However, apart from the results obtained by Pique’s 
group [75, 76] using high-viscosity silver nanopastes, there 
have been only a few demonstrations of 3D printing with 
sub-15 μm resolution until recently. Indeed, the last few 
years, there has been an increasing number of studies 
presenting the fabrication of micrometer 3D structures or 
2D arrays of inorganic nanodots by means of laser print-
ing, which reveals the potential of LIFT to add to the 
panel of the attractive nanofabrication techniques [77]. 
Figure  2 shows a typical experimental arrangement for 
Figure 2: Typical experimental setup for laser printing of nanoparticles is shown on the left side. SEM images of a single printed gold 
nanoparticle and nanoparticle array are shown at the right side.
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laser printing of nanoparticles. The figure is accompanied 
by scanning electron microscopy (SEM) images of a single 
printed gold nanoparticle and a nanoparticle array evi-
dencing the level of repeatability of the printing process. 
After a brief description of the LIFT process, this review 
presents the state of the art results in micro- and nano-
fabrication and discusses the potential of LIFT as a digital 
additive nanomanufacturing process.
2   Physics of laser-induced transfer
2.1   Principle of operation
As shown in Figure 3A, the LIFT process consists of the 
irradiation, using a pulsed laser, of a thin film of an 
absorbing material (the donor) previously deposited onto 
a transparent substrate. This donor is irradiated through 
the substrate, and the laser interaction at the interface 
induces the ejection of a small part of the irradiated mate-
rial and its deposition onto a target substrate (the receiver) 
set in close proximity. The donor can be a solid film and 
the pixel is then transferred in solid phase, or a liquid film 
and a droplet are then deposited onto the receiver sub-
strate. The laser-induced backward transfer (LIBT) con-
figuration is represented in Figure 3B. The top surface of 
the donor film is irradiated through a transparent receiver 
substrate, and materials are transferred by ejection from 
the film by physical mechanisms that are loosely analo-
gous to those in the LIFT configuration. If the thin film is 
transparent to the laser irradiation, then the laser energy 
is absorbed by the donor substrate at the interface, as for 
the LIFT configuration. If the laser energy is absorbed by 
the film, then, under some conditions discussed later, its 
fast deformation can lead to the ejection of a droplet.
The physics and the potential of these laser printing 
processes have been previously discussed in numerous 
papers [78–82]. Laser printing from both solid and liquid 
films exhibits numerous advantages, which are not dis-
cussed here, but also some drawbacks, which are more or 
less pronounced depending on the donor material proper-
ties. Here, for clarity, we can draw some very general fea-
tures for each configuration.
2.1.1   LIFT in the solid phase
The physics of LIFT in the solid phase relies on the fast 
heating of the donor film, leading to a strong increase in 
pressure in the confined volume of the irradiation zone, at 
the interface between the donor film and the transparent 
substrate. This effect induces mechanical forces that break 
the film and propel it toward the receiver. This ejection 
dynamics has been extensively studied by means of time-
resolved shadowgraphy technique [83] that has helped in 
identifying two main drawbacks of the approach. First, a 
shock wave is generated at the surface of the film, which 
propagates in front of the flyer, reflects onto the receiver, 
and can destroy the flyer when crossing it [84]. Second, a 
significant amount of debris is induced by the laser-mat-
ter interaction process, and they are also deposited onto 
the receiver. Different strategies have been developed 
to prevent the generation of debris. We can mention the 
use of an intermediate layer between the substrate and 
the donor film to reduce the laser-induced heating of the 
film [85, 86] or the use of smart beam shaping [87]. They 
appear quite efficient for the printing of organic materials 
[88–90], but very little improvement is obtained in case of 
inorganic compounds.
2.1.2   LIFT in the liquid phase
The mechanisms of LIFT in the liquid phase are quite 
different from those in the solid phase. The laser energy 
Figure 3: Schematic view of arrangements for the so-called (A) laser-induced forward transfer (LIFT) and (B) laser-induced backward 
transfer (LIBT).
In LIFT mode the laser irradiates the metal film through the transparent donor substrate while in LIBT mode the laser irradiates the thin film 
through the receiver substrate. Adapted and with permission from Ref. [57].
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absorbed by the liquid film induces the formation of a 
cavitation bubble, which first expands and pushes the 
liquid surrounding it. With the bubble expansion being 
mainly oriented perpendicularly to the substrate, the 
fluid motion around it leads to a high pressure point at 
the top of the bubble and to the formation of a liquid jet, 
which propagates toward the receiver and forms a droplet 
on it [79]. These mechanisms, theoretically suggested in 
2004 by Pearson et al. [91] for a free surface configuration, 
have been experimentally investigated by a few groups 
by means of time-resolved imaging, or shadowgraphy, of 
the bubble formation, jet expansion, and droplet deposi-
tion [92–94]. This approach allows printing well-resolved 
droplets down to 15-μm diameter with a very good repro-
ducibility and resolution. Moreover, the droplet charac-
teristics are not modified when the distance between the 
donor and the receiver varies from few tens of micrometers 
up to 2 mm, and most importantly, no debris are generated 
onto the receiver substrate. However, the transfer in liquid 
phase has also some drawbacks. First, it is quite complex 
to maintain a liquid donor film with uniform properties 
(thickness, viscosity, and density) during the process 
due to the evaporation mechanism. Then, a sintering or 
annealing step of the printed materials is needed when 
metal nanoparticle inks are transferred to stabilize them 
and to get their final properties (conductivity). Lastly, the 
printing of sub-micrometer droplets requires the reduction 
of both the laser spot size and the liquid film thickness. 
However, there is a limitation on the minimum thickness, 
around a few micrometers, of the uniform liquid films that 
can be prepared due to the dewetting process. The LIFT 
in the liquid phase approach is especially relevant for 
printing biomaterial [95–99] and nanoparticle metal inks 
[100–103]. It is worth mentioning the blister-actuated LIFT 
technique [60, 104], which uses a polyimide film coated 
between the transparent substrate and the donor film to 
absorb the laser energy. This leads to the break-free defor-
mation of the polyimide film, which induces the fluid 
motion and the jet formation. This technique allows print-
ing sensitive materials and getting rid of any risk of con-
tamination from the intermediate layer debris.
To complement this description, Table 1 summarizes 
the pros and cons of the two laser printing processes, 
from solid or liquid film as donor. These overall features 
are more or less pronounced depending on the donor film 
properties.
2.2   Printing solid in the liquid phase
Since the last few years, some groups [62, 105–109] have 
investigated a new approach to combine the advantages 
of the two techniques and to address the challenge of 
digital micro- and nanoprinting. It consists of irradiation 
by an ultrashort laser pulse of a thin metal donor film to 
melt it and to create a liquid metal jet and finally print a 
micro- or nanodot on the receiver substrate. It has been 
observed that the diameter of the printed pixel decreases 
with the reduction in the donor film thickness [106, 107]. 
Depending on the laser pulse duration and the donor film 
thickness, different physical mechanisms are suggested to 
explain the ejection process. As the first step is the melting 
of the whole film thickness in the irradiated area, one 
must pay great attention to the relation between the pulse 
duration and the thickness of the film, which is affected 
and defined by the thermally affected length lth:
th 2 ,l Dτ=
where D is the thermal diffusion coefficient of the donor 
material and τ is the laser pulse duration. This rela-
tion should not be considered for sub-picosecond pulse 
duration as the electron-photon relaxation time is of 
Table 1: Pros and cons of the LIFT processes from solid and liquid donor film.
Donor film   Cons   Pros
Solid    – Generation of debris
 – Shock wave interaction with pixel
 – Lack of adhesion
 – Low resolution of the pixel edges
 – Limited minimum lateral sizes
   – Donor film
 – Stable
 – Easy to handle
 – Very thin film
 – No post-process
 – Single-step printing of large area
Liquid    – Post-process required
 – Donor properties vary over time (solvent  evaporation)
 – Ultrathin film not achievable
   – Clean printing without debris
 – Process velocity
 – High resolution
 – Less dependence to donor-receiver gap
 – 3D printing (pastes)
Unauthenticated
Download Date | 10/21/19 4:33 PM
32      Q. Li et al: Digital laser micro- and nanoprinting
picosecond time scale in metals. So, for a given pulse 
duration, there is only a range of film thickness that can 
be used to achieve its melting and the targeted debris-free 
printing of micro or nanodots. The laser energy must also 
be tuned to melt the whole film thickness without vapor-
izing a too large volume of donor material at the interface 
between the donor film and the transparent substrate. 
As shown by Zenou et al. [108], shorter is the laser pulse 
duration and smaller is the range of film thickness that 
can be used. Figure 4 shows the calculated ranges of the 
metal donor film thicknesses that allow the transfer of a 
single microdroplet for pulse durations from 10 ps to 10 ns. 
Also, we can observe in Figure 7A that the laser fluence 
required to fully melt a 620 nm copper film with a 50 ps 
laser also induces the ejection of large amount of droplets. 
These authors suggested a new mechanism called ther-
mally induced nozzle to achieve a stable and highly direc-
tional jetting of metal droplets over a rather large range of 
donor-receiver gap (>400 μm) [110]. The main idea of this 
approach is to irradiate the film with a laser energy, allow-
ing the melting of almost all the donor thickness while the 
fast expansion of the heated metal breaks the non-melted 
surface of the film. These conditions form a nozzle from 
which a liquid droplet is ejected. Figure 5 shows a scheme 
to illustrate this approach and a SEM image of the donor 
film after the laser irradiation and the transfer process 
where the thermally induced nozzle is clearly visible.
Pohl et al. [109] also printed micro-droplets by means 
of picosecond laser irradiation of metal donor films with 
thicknesses of few hundred of nanometers. They sug-
gested different ejection mechanisms depending on the 
laser fluence that is applied. At low fluence, a cap ejection 
is observed, driven by the relaxation of thermal stresses 
induced by laser-induced heating. When the laser fluence 
increases, the thermal processes that prevail lead to liquid 
jet formation. Ultimately, for the highest tested fluences, 
they observed the vaporization of the film and the uncon-
trolled generation of large amounts of droplets. Both cap 
ejection and jet formation mechanisms are attractive for 
printing metal structures, but it appears difficult to avoid 
the deposition of unwanted satellites around them.
In order to fully benefit from all the advantages of 
LIFT from a liquid film, Li et al. recently proposed a new 
method, the double pulse LIFT, which relies on the use 
of two lasers [62]. A first quasi-continuous wave (QCW) 
laser, operating in long-pulse-duration mode, irradiates 
the solid donor film through the transparent substrate 
in order to reach the melting temperature and, thus, to 
locally form a liquid film. Then, a second appropriately 
synchronized laser pulse of short duration irradiates the 
central part of this area, and that induces the formation 
of a liquid jet and the printing of a droplet on the receiver 
substrate. When cooling, this metal droplet solidifies on 
the substrate. Figure 6 presents a scheme of the experi-
mental setup. The dual-laser approach allows indepen-
dently controlling the phase change of the donor film with 
the QCW laser irradiation and the transfer process in the 
liquid phase with an ultrashort pulse laser.
Figure 4: Calculated ranges of metal donor film thicknesses 
allowing the transfer of a single copper microdroplet for pulse 
durations varying from 10 ps to 10 ns.
The green (resp. blue) curve represents the maximum (resp. 
minimum) film thickness for a given pulse duration to induce 
the transfer of a single droplet under appropriate laser fluence 
condition. Reprinted with permission from Ref. [108]. The red 
diamonds correspond the experimental conditions used in Ref. [108].
Figure 5: Schematic illustration of the thermally induced nozzle approach (A) and SEM image of a copper donor film after an ultrashort 
pulse irradiation showing the formation of a thermally induced nozzle (B).
The laser fluence is tuned to melt almost the full film thickness, and the expansion of the heated metal forms a nozzle from which is ejected 
a droplet.
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As shown in Figure 7, this approach allows the genera-
tion of long and stable liquid metal jets over a large range 
of film thicknesses and laser fluences. Figure 7A shows 
shadowgraphy images of the ejection dynamics for differ-
ent laser fluences when a single picosecond laser pulse is 
used to both melt and transfer the metal, while Figure 7B 
shows the results obtained in similar experiments when 
using a QCW laser irradiation prior to the picosecond laser 
one. For a such 620-nm-thick copper film processed in 
these experiments, it is impossible to form a stable liquid 
jet without inducing the ejection of satellites if the metal 
film is not previously melted by the QCW laser irradiation.
Figure 8 summarizes the increase in the process 
windows in terms of laser fluence and donor film thick-
ness when using dual-laser printing compared to sin-
gle-laser printing. For the latter configuration, one can 
observe that the process window to form a stable liquid 
metal jet with a picosecond laser irradiation is optimum 
for a specific film thickness, while stable jets are achiev-
able for a large range of film thicknesses in the double-
pulse LIFT mode of operation.
In the LIFT of the liquid process, whatever the origin 
of the mechanisms inducing the fluid motion, the defor-
mation of an intermediate polymer layer in the blister 
Figure 6: Experimental setup of the double-pulse LIFT.
The QCW laser provides long pulse irradiation to melt the film. The LIFT laser (fs or ps) induces the ejection process in the liquid phase. The 
flash lamp and the CCD camera are used to acquire the time-resolved shadowgraphy images.
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Figure 7: Time-resolved shadowgraphy images of ejection dynamics after the irradiation of a 620-nm-thick copper film with a single short 
laser pulse (A) or by two laser pulses (QCW + ps) (B). The fluence of the short pulse laser (mJ/cm2) is written above each images, and all 
images have been acquired 280 ns after the ultrashort pulse.
One can observe that in single pulse mode the energy required to form a liquid jet also induces the ejection of unwanted debris, while in 
double pulse mode stable metal jets are formed over a large range of fluence. Reprinted with permission from Ref. [62].
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mode [111], cavitation bubble expending in the film [79], 
or relaxation of the laser-induced stresses inside the 
molten film in ultrashort pulse regime [112, 113], the for-
mation of the liquid jet relies on a competition between 
the kinetic energy of the fluid moving away from the film 
and the surface energy of the liquid, which tends to keep 
the film uniform. This balance is characterized by the 
dimensionless Weber number (We), which is the ratio of 
the kinetic energy to the surface energy. Figure 9 presents 
some shadowgraphy images of liquid ejection after a 
double-pulse irradiation of a 1-μm-thick copper film. The 
first laser pulse locally melts the copper film and the fol-
lowing fs laser irradiation provides the kinetic energy to 
the liquid. All these images have been taken with a fixed 
delay of 500 ns after the fs pulse and with a temporal 
resolution of 20 ns. A detailed description of the experi-
mental setup can be found elsewhere [62]. The different 
images correspond to different energies of the fs laser, and 
then to different kinetic energies. For the lowest energy, 
0.15 μJ (7.3 J/cm2), the film deforms, but there is no ejection 
because the kinetic energy does not overcome the surface 
energy (We  <  1). At 0.19 μJ (9.4 J/cm2), the Weber number is 
slightly higher than 1, so the jet forms but it immediately 
breaks because of surface energy and only a single droplet 
is ejected. A further increase in the laser energy leads to 
the generation of jets with increasing velocity, until insta-
bilities appear (2.21 μJ–110 J/cm2). Printing a single droplet 
is the most appropriate configuration for micro-nanofabri-
cation applications.
Femtosecond laser pulses have also been used to print 
nanodroplets from metallic films thinner than 100  nm 
[105, 106, 114, 115]. The laser irradiation, with a Gaussian 
beam profile, induces both a Gaussian distributed pres-
sure force and the melting of the full thickness of the film 
in the irradiated area. Then, due to surface tension, the 
melted film detaches from the substrate with the shape of 
a dome shell. Within this layer, the normal component of 
the capillary forces decelerates the normal velocity of the 
shell, while the parallel component leads to the motion 
of the liquid metal toward the center of the dome. The jet 
starts to form when the reverse motion of the shell begins 
[116, 117]. Molecular dynamics simulations have helped in 
the understanding of the initial stage of the laser energy 
diffusion in the thin film [118], as well as the formation of 
the liquid jet and the conditions for droplet detachment 
from the film [119]. In particular, studies have highlighted 
the importance played by the beam and film sizes in the 
formation and expansion of the metal liquid jet. The film 
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Figure 8: Regimes of ejection as a function of the ultrashort pulse laser fluence for the single-pulse LIFT and the double-pulse LIFT for three 
different thicknesses of the donor copper film.
In single pulse mode, the formation of stable jets occurs only for a narrow range of film thickness, while in double pulse mode the process 
window is strongly increased.
Figure 9: Time-resolved shadowgraphy images of the ejection of 
melted copper in double-pulse LIFT configuration.
The donor is a 1-μm-thick copper film and the images have been 
taken with a fixed delay of 500 ns after the irradiation by the fs laser 
pulse with a beam diameter (1/e) of 1.6 μm. Each image corresponds 
to a different fluence of the fs laser pulse mentioned in J/cm2 above 
the image.
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thickness needs to be smaller than the thermal diffusion 
length to ensure complete melting of the film. Obviously, 
the laser fluence must be adjusted to provide enough 
energy for this film melting but also to keep a moderate 
velocity of the film motion to favor the capillary effects 
and the jet formation. The use of a low rigidity or deform-
able donor substrate helps in this way by reducing the 
ejection velocity for a given laser fluence. This approach 
has also been used to pattern a gold-coated surface with 
an array of frozen nanojets, thanks to its irradiation with 
interfering femtosecond laser beams [42].
3   3D laser micro-fabrication
The understanding of the laser printing process of metal 
droplets in the liquid phase from a solid film opens a way 
for the development of a new digital additive manufac-
turing technology at the micro-scale. Few groups have 
started to investigate the potential of this approach and 
they have obtained some very promising results. Zenou 
et al. explored the fabrication of 3D metal structures with 
the thermally induced nozzle technique [110]. They used 
sub-nanosecond laser pulses and micrometer-scale-thick 
donor metal layers to digitally print, under ambient atmos-
pheric conditions, arbitrary micrometer-scale objects. For 
instance, Figure 10 shows SEM images of the LIFT-printed 
copper word “small” on a glass slide. The width of the 
printed letters was 50 μm and the height of the letters was 
gradually increased [120]. The printed structure consists 
of overlapped molten copper metal droplets, as shown in 
Figure 10C. They also printed copper pillars with uniform 
diameters as small as 8 μm and longer than 200 μm, 
and they successfully achieved the fabrication of tilted 
pillars with a maximum angle of 30° to address the chal-
lenges of printing unsupported curved structures [108]. 
One of the main advantages of the thermally induced 
nozzle approach is its ability to print with a large distance 
Figure 10: SEM images of the LIFT-printed copper word “Small” on a glass substrate (top view A, tilted view B). The width of the printed 
letters is 50 μm and the highs of the letters are gradually increased from 40 μm to 190 μm. Zooms to show the morphologies of the printed 
structures (top view C, tilted view D).
This example demonstrates the high potential of laser printing process as a high resolution additive microfabrication technology. Reprint 
with permission from Ref. [120].
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between the donor and the receiver substrates. To demo-
nstrate this capability, the same authors have also printed 
a complex logo inside a 300-μm-wide and 150-μm-deep 
blind via [121]. The printing distance was 300 μm, and a 
resolution of the order of 10 μm has been demonstrated. 
Such a high-resolution and easy-to-implement printing 
technique for metals is of particular interest for intercon-
nection applications. It allows printing metal lines as thin 
as few micrometers and with a thickness directly con-
trolled by the number of overlapping pixels [121]. There 
are unique advantages to using this LIFT technique in 
this context. First, the molten droplets solidify as soon as 
they reach the receiver substrate, and second, the process 
does not require any thermal post-treatment to obtain the 
conductive properties, as for silver inks. This allows print-
ing lines on any thermally sensitive substrates or filling 
via with high aspect ratios. A concern remains that the 
transfer of hot liquid metal in air at atmospheric pressure 
leads to oxidation of the metal droplets, which can affect 
the electrical performances of the printed structures. LIFT-
printed copper lines exhibit typical resistivities ranging 
from 4 to 14 times the resistivity of bulk monocrystalline 
copper [122]. However, the authors do not attribute these 
high resistivity values to the oxidation process, but on the 
structural properties of the printed structures, including 
the formation of nano-grains inducing electron scatter-
ing and an amorphous layer at the droplet boundaries. 
When aluminum structures are printed, the oxidation 
mechanisms have a significant impact on their electrical 
properties. However, experiments show that changing 
the printing conditions allows adjusting the resistivity of 
the printed material in an exploitable range [123]. Taken 
together, these demonstrations make LIFT of metal in the 
liquid phase from a solid donor appears a very attractive 
technology for the printing of high-resolution intercon-
nects for microelectronic applications.
The transfer of micro-pixels of pure metal or alloys 
instead of droplets of metal nanoparticle inks opens also a 
way for digital micro-fabrication in the three dimensions. 
Indeed, depending on the volume of the ejected material 
and on the distance between the donor and the receiver 
substrates, the LIFTed dots can solidify before reaching 
the receiver. Even if they are not cooled enough to land as 
solid dots, the heat diffusion in the substrate can be used 
to dissipate the remaining thermal load, which a very fast 
solidification process. Then, the printing of successive 
dots at the same location leads to the formation of high-
aspect-ratio pillars. Figure 11 shows a set of laser-printed 
copper pillars whose length increases with the number of 
ejected dots [124]. Using this approach, Visser et al. built 
gold and copper pillars with diameter smaller than 5 μm 
and lengths up to 2  mm with homogeneous mechani-
cal properties [124]. Recently, this group fabricated more 
complex structures with true 3D control, as for instance a 
freestanding thermocouple made of two bended pillars of 
different materials, gold and platinum, and exhibiting a 
linear response to the temperature [125]. This result dem-
onstrates the ability of this laser digital printing method to 
manufacture functional microdevices.
One can observe in the previous figures, and those of 
related references, that the printing of metal from solid 
donors with single laser pulses allows the fabrication of 
3D microstructures, but it also generates some unwanted 
droplets around the printed structures. In the double-pulse 
LIFT technique, this issue is solved because the ultrashort 
laser triggers the jet formation from a metal liquid film. 
Then, as for the standard LIFT in the liquid phase [102], 
this approach leads to the formation of solid single micro-
droplets without any satellites around. Fabrication of 2D 
and 3D metal microstructures can still be achieved by 
printing successive dots next to each other or on the top 
of each other. Figure 12A shows a pillar made of five suc-
cessive transfers with double-pulse LIFT from a 1-μm-thick 
copper film. This pillar exhibits a base with a larger dia-
meter, which corresponds to the first printed dot. Indeed, 
the first liquid metal jet lands on a glass substrate with a 
low heat diffusion coefficient compared with copper, and 
it takes some time to cool down. So, the liquid copper 
spreads onto the surface before its solidification with quite 
flat shape (see insert). On the contrary, the following jets 
arrive on a copper material with a high heat diffusion coef-
ficient and they solidify with an elongated shape. As shown 
in Figure 9, the shape of the ejected liquid metal can be 
tuned by increasing the laser fluence from a single droplet 
to a jet with increasing length. More control can be dem-
onstrated when the transfer occurs through a droplet for-
mation because the volume of the ejected liquid is smaller 
Figure 11: Snapshots of a pillar as a function of the number of 
ejections.
The solid line indicates a constant pillar growth rate of 2.3 μm per 
ejection. Reprint with permission from Ref. [124].
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than the one in a jet and the cooling is faster. Ultimately, 
if the gap between the donor and the receiver substrates 
is large enough, the droplet solidifies during the transfer 
and reaches the receiver in the solid phase with a spherical 
shape. Figure 12B shows an array of such copper microdots 
with a zoom on a single dot with a 2.7 μm diameter.
4   Digital laser nanoprinting
Laser printing of nanoparticles has been recently intro-
duced as a branch of LIFT technology for printing of very 
small and delicate objects [114, 115, 126]. The diameter of 
the laser-printed droplets depends on the volume of the 
transferred material. To downscale the size of the printed 
structures from micro to nano, it is then mandatory to 
reduce the amount of ejected liquid. To do so, both the film 
thickness and the laser spot size need to be minimized. 
Based on this approach, femtosecond laser printing has 
been applied for the controlled fabrication of metal (Au, 
Ag, Cu, Fe, etc.) [105–107], alloy (FeSi2) [127], and semicon-
ductor (Si, Ge, etc.) [126, 128] nanoparticles. The transfer 
mechanisms rely on different melting dynamics that are 
material dependent and can be accompanied by a broad 
variety of structural changes. These studies demonstrated 
the ability of the LIFT process to print nanodots with con-
trollable sizes, spherical shape, and different crystallo-
graphic phase [126, 129]. In those experimental works, the 
thicknesses of the donor films are smaller than 100 nm, 
the laser spot diameters are smaller than 4 μm, and laser 
pulses with 100 fs duration or shorter were used. Usually, 
laser pulses are focused by a long-distance microscope 
objective, which allows printing nanoparticles both in the 
forward and backward directions.
The generation of silicon nanoparticles has attracted 
considerable attention during the recent years because 
of their pronounced magnetic and electric dipole 
resonances. These resonances are located in the visible 
spectrum if the nanoparticle diameter is in the range of 
100–200  nm. LIBT has been successively used to print 
silicon nanoparticles with diameter ranging from 160 to 
240 nm [126]. The particle sizes were tuned by varying the 
laser fluence, and that led to a change in the resonance 
positions. Figure 13 shows SEM images of LIBT-printed 
Si particles with different diameters and the corre-
sponding optical response under dark field microscope 
illumination.
Recently, crystalline Ge and Si1-x Gex nanoparticles, 
with diameters as small as 100 nm, have been laser printed 
from an amorphous donor film. Beyond the control of the 
morphological characteristics of these nanoparticles, 
thanks to the printing conditions (film thickness and 
laser fluence), the experimental measurements of their 
resonant optical responses, corresponding to electric and 
magnetic dipole contributions, are in good agreement 
with the theoretical calculations based on the Mie theory 
[128]. LIFT of nanodots has also demonstrated its ability 
to control the crystalline structures of the deposited mate-
rials. Indeed, depending on the volume of the ejected 
nanoparticle and on the travelling distance between the 
donor and the receiver, the dynamics of the cooling and 
solidification processes are different. For pure metals, as 
previously mentioned, a study points out that the forma-
tion of nano-grains inside the printed copper micropar-
ticles surrounded by an amorphous layer reduces the 
conductive properties of fabricated structures [122]. More 
recently, a specific study was dedicated to the influence of 
the donor-receiver distance on the structural properties of 
silicon nanoparticles [130]. Figure 14 shows a schematic 
illustration of this study. The donor substrate was a 50-nm 
a-Si:H film and the transfers were induced by irradiations 
with 50-fs laser pulses (red beams in Figure 14). Printing 
has been performed for donor-receiver gaps ranging from 
5 to 56 μm, and the optical properties of the printed silicon 
Figure 12: 2D copper structures laser printed with double pulse LIFT approach.
Pillar of copper microdroplets (A) and array of copper microdots (B) printed with double-pulse LIFT technique.
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droplets were characterized by Raman spectroscopy (green 
beams in Figure 14). The authors show that for short gap 
values (<10 μm), the printed Si particles are amorphous, 
while large gaps (>20 μm) lead to the deposition of crystal-
line nanoparticles. In between, the structure of the printed 
droplets exhibits amorphous phase and grain size around 
40 nm, which corresponds to the maximum efficiency of 
second harmonic generation. Numerical simulations con-
firmed that the crystalline structure of these nanoparticles 
is controlled by the cooling rate of the material.
Another important benefit of this laser transfer process 
is its ability to provide an accurate positioning of the 
nanoparticles on the receiver substrate. For instance, LIBT 
has been used to print sets of two silicon nanoparticles of 
190 nm diameter with separation distance tuned between 
375 nm and 5 nm [131]. The authors demonstrated that the 
resonant optical behavior of these dimers is dependent on 
the inter-particle distance, and as a consequence, laser 
printing appears as a versatile and precise technique to 
fabricate advanced metasurfaces with customized optical 
properties.
The laser printing technique is not only capable of 
generating 2D nanoparticle structures. Indeed, by inde-
pendent movement of the donor and receiver substrates, 
it is also possible to achieve a targeted stacking of several 
thousands of nanoparticles. A first demonstration of this 
Figure 14: Schematic illustration of laser printing of silicon nanoparticles at different distances between donor (upper) and receiver (lower) 
substrates and the impact on their crystalline structure. The red beam represents the laser printing pulse while the green beams correspond 
to Raman measurement.
Reprinted with permission from Ref. [130].
Figure 13: Laser pulse energy dependence of the silicon nanoparticle diameter. 
(A) SEM images of nanoparticles fabricated at slightly different laser pulse energies starting from 5 nJ. Each line, from top to bottom, 
corresponds to the laser pulse energy increase of ≈0.1 nJ (scale bar, 300 nm). (B) Changes in the optical response of the generated 
nanoparticles are visualized by dark-field microscopic images (scale bar, 5 mm). Reprinted with permission from Ref. [126].
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approach is shown in Figure 15. The structure that is 60 μm 
in height and 3 μm in width is made of 10,000  silicon 
transferred nanoparticles. Each nanoparticle within the 
structure has a diameter of about 250 nm. This proof-of-
principle demonstration directly shows the capabilities of 
the laser printing process and its applicability as a new 
method for high-resolution additive manufacturing of 3D 
structures with sub-μm resolution.
5   Laser printing of nanophotonic 
devices
In the perspective of using laser printing for the fabrica-
tion of nanophotonics devices, we have pointed out some 
of the unique features of this technology, which are the 
control of the printed particle sizes down to 100 nm, the 
high resolution of the positioning, the wide range of print-
able materials, and the ability to print nano-objects with 
various crystalline structures. Based on these capabilities, 
some nanophotonics devices have already been fabricated 
and tested. For instance, a plasmonic biosensor has been 
realized, and its performances, quantified [132]. For this 
purpose, the sizes of the laser-printed nanoparticles have 
been reduced by using lithographically structured films 
consisting of small islands of material [132–135]. After laser 
irradiation to transfer the structures, the material islands 
contract into spherical nanoparticles due to surface 
tension. The sizes of the nanoparticles in this case can be 
much smaller, in the range of a few tens of nanometers, 
and are precisely determined by the volume of the mate-
rial islands [133]. The authors showed that such laser-fab-
ricated metasurfaces provide resonances with nearly zero 
intensity in reflected light for p-polarized light, yielding 
to the generation of phase singularities. Such an optical 
sensor exhibits a sensitivity of 5 × 104 deg./RIU (refractive 
index unit) and a limit of detection lower than 107 RIU, 
which is comparable to or better than the performances 
of commercial amplitude-sensitive surface plasmon reso-
nance systems [132]. It is worth mentioning a recent study 
dedicated to the laser printing of a new kind of nanoan-
tennas. Tiguntseva et  al. have printed halide perovskite 
nanoparticles to create light-emitting nanoantennas, 
which exhibit strong photoluminescence in the range of 
530 − 770 nm depending on their composition [136]. Local 
nano-heating by the irradiation of metal nanoparticles is 
a mechanism that has already exploited for nano-imaging 
[6, 137]. LIFT has been used to print silicon nanoparticles 
that have the ability to convert light to heat with up to 4 
times more efficiency than similar spherical gold nano-
particles [138]. The advantage of using crystalline silicon 
is the simplicity of local temperature control by means of 
Raman spectroscopy working in a broad range of temper-
atures, that is, up to the melting point of silicon (1690 K) 
with sub-micrometer spatial resolution.
Tseng et  al. have used another unique advantage of 
the laser printing technique to transfer split-ring resona-
tor (SRR) structures in order to fabricate plasmonic meta-
materials [139]. Indeed, LIFT allows printing multilayer 
materials in a single step when these layers are previously 
deposited on the donor substrates [88]. Figure 16 is a sche-
matic description of the process. The printed SRR array 
exhibits reflection spectra in very good agreement with 
finite-difference time-domain simulations and excellent 
resonant properties.
Beyond these first demonstrations and the realiza-
tion of nanoantennas and plasmonics-based sensors, 
Figure 15: Three-dimensional structure consisting of several thousands of silicon nanoparticles generated by laser printing.
Pillar of 60 μm high and 3 μm width (A) and the zoom on the top of the pillar shows that it is composed of silicon nanoparticles (B).
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laser printing appears as a very attractive method to 
easily fabricate a wide set of new nanophotonics devices. 
For instance, hybrid Si/Au nanoparticles have been 
recently used to generate white light at the nanoscale, 
thanks to their efficient photoluminescence character-
istics [140]. This offers the possibility to measure the 
near-field response in a broad spectral range and to 
realize ultra-broadband near-field nanospectroscopy. 
Laser printing is a very powerful method used to print 
hybrid nanoparticles from multilayer films [127, 141] with 
tunable properties by changing the donor film charac-
teristics. Thus, it is a very relevant approach to fabricate 
nanospectroscopy devices.
6   Conclusion
Laser printing has demonstrated its ability to transfer 
small volumes of liquids, from picoliters to attoliters, on 
a substrate to form particles with corresponding diam-
eters ranging from 100  nm to a few micrometers. These 
micro- and nanoparticles have been printed from various 
materials and even arranged in 3D structures. Moreover, 
this process can be performed in air without any protec-
tive gas atmosphere, which is an important technological 
advantage. As the required laser energy for ejecting such 
small amount of matter is very low, the use of femtosec-
ond oscillator operating in the MHz range can be consid-
ered for this application. This, combined with fast beam 
motion technologies, has the potential to open the way to 
high printing throughputs.
Surely, there are still some important challenges 
to face, including the positioning resolution and the 
limitation of undesired debris, before the LIFT process 
becomes a reliable nanoprinting technology. However, one 
finds already in LIFT an unprecedented level of flexibility 
that attracts considerable interest. This will undoubtedly 
lead to further advances in the near future. For instance, 
extra-optimization on the mechanical properties of the 
donor film is expected by adjusting its composition by 
adding a small amount of dopants or working with mul-
tilayer films [141]. One may also expect the emergence of 
other pre-pulse strategies to locally modify the material 
properties under melting of the donor film. Temporal and 
spatial beam shaping [142, 143] is also aspect to be consid-
ered to optimize the energy deposition, the fluid motion 
and the generation of localized high pressure. Looking at 
the potential applications, laser printing can become a 
highly flexible, and digital, method for 3D high-resolution 
additive manufacturing and holds the potential to drasti-
cally change how optical and electronic micro- and nan-
odevices are designed and fabricated today.
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